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Abstract 

Using data collected with the CLEOIII detector at the CESR e + e~ collider, we report on a first 
observation of the decay T(3S I ) — > r + r~, and precisely measure the ratio of branching fractions 
of T(n5),n = 1,2,3, to t + t~ and fi + fi~ final states, finding agreement with expectations from 
lepton universality. We derive absolute branching fractions for these decays, and also set a limit 
on the influence of a low mass CP-odd Higgs boson in the decay of the T(15). 
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In the Standard Model, the couplings between leptons and gauge bosons are indepen- 
dent of the lepton flavor, so the branching fractions for the decay T(nS) — > should be 
independent of the flavor of the lepton /, except for negligible lepton mass effects. Any devi- 
ation from unity for the ratio of branching fractions 1ZJ T = B(T(nS) — > r + r~)/ B(T(nS) — > 
would indicate the presence of new physics. The ratio 7Z^ T is sensitive to the mech- 
anism proposed in [l|, in which a low mass CP-odd Higgs boson, A , mediates the decay 
chain T(1S) — > rjbjjTjf, — > A — > t + t~. 

CLEO has recently measured the partial width, r ee , from e + e~ — > T(nS) [2|, n — 1, 2, 3, 
as well as the branching fraction for T(nS) — > AA + /i~ [3]. This analysis complements these 
measurements by measuring TZ^ T directly, and scales this result to obtain B(T(nS) — > t + t~). 
An upper limit on the product branching fraction B(T(IS) — > 7]^) B (rib — > A —>■ r + r~) is 
extracted. 

The data in this analysis were obtained with the CLEOIII detector (1, 0] at the symmetric 
e + e~ collider CESR. The detector includes a precision tracking system in a solenoidal mag- 
netic field, a Csl calorimeter, a Ring Imaging Cherenkov detector, and muon chambers. The 
data are identical to those in [3|, including both on-resonance and off-resonance subsamples 
at the T(nS),n= 1,2,3. In addition, 0.5 fb" 1 at the T(4S) and 0.6 fb" 1 40 MeV below the 
T(4S) peak were used as control samples. 

The analysis technique, similar to that in [3], isolates the T — > fi + fi~,T + r~ signals by 
subtracting a scaled number of events observed off-resonance from the number observed 
in on-resonance data, and, after further background correction, attributes the remaining 
signal to T — > l + l~ . Selection criteria are developed to isolate and r + r~ final states 

using a subset of the data acquired near the T(AS). Being dominated by strong interaction 
decays, the full width of the T(4S) is sufficiently large that T(4S f ) — > t + t~ decays in 
our sample are negligible. Another subset of T(4S) data is used to verify that the scaled 
subtraction produces no signal for T(4S) — > t + t~ , , indicating that non-T backgrounds 
are suppressed by the subtraction. Furthermore, the off-resonance production cross-sections 
for t + t~ and /i + /U~ are verified to agree with theoretical expectations. 

The final states chosen for both the T — > /i + yU~ and T — > t + t~ decays are required to 
have exactly two good quality charged tracks of opposite charge. In this Letter, y/s denotes 
the total available center of mass energy, Xp is a particle's momentum, P, scaled to the 
beam energy, -Ebeam- The energy deposited by a particle in the calorimeter is Eqc- 

Selection criteria for the final state closely follow those of 0] , requiring tracks with 

0.7 < Xp < 1.15, of which at least one is positively identified as a muon, using both the 
muon chambers and the calorimeter. The opening angle between the associated momenta 
must be greater than 170°. Events must have no more than one isolated shower that is 
unassociated with a track and has energy greater than 1% of the beam energy. 

At least two neutrinos from final states of e + e~ — > t + t - escape detection. Thanks to 
CLEOIII's hermeticity, the following criteria select such events despite the energy carried 
away by the unreconstructed neutrinos. The total charged-track momentum transverse 
to the beam direction must be greater than 10% of i^beam, and the total charged-track 
momentum must point into the barrel region of the detector where tracking and calorimetry 
are optimal. Events with collinear tracks are eliminated. Tracks are required to have 0.1 < 
Xp < 0.9, where the upper limit is chosen to minimize pollution from two-particle final 
states. The total observed energy due to charged and neutral particles in the calorimeter 
is similarly required to be between 0.2^ and 0.9\/s. To reduce overlap confusion between 
neutral and charged particles, tracks and associated showers must satisfy Eqq/P < 1.1. 
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Potential backgrounds due to cosmic rays are accounted for as in (3|. In all cases these were 
negligible. 

Final states are further exclusively divided according to the results of particle identifica- 
tion into (e, e), (//, e), (e, /i), (/i, /i), (e, X), (/i, X), (X, X) sub-samples, with particles listed 
in descending momentum order. The first (second) particle listed is referred to as the tag 
(signal). Lepton identification requires P > 500 MeV to ensure that the track intersects 
the calorimeter. Electrons are identified by requiring that 0.85 < Eqq/P < 1.10, and that 
the specific ionization along the track's path in the drift chamber be consistent with the 
expectation for an electron. A muon candidate in r decays is a charged track which is not 
identified as an electron, having P > 2GeV/c (> 1.5GeV/c) for a tag (signal) track and 
confined to the central barrel where beam related background is a minimum. Furthermore, 
the muon candidate must penetrate at least three interaction lengths into the muon detec- 
tor, and satisfy 100 MeV < Eqq < 600 MeV. The missing momentum and energy criteria 
ensure that virtually all pions mistakenly identified as muons come from r pair decays and 
are properly accounted for in the simulation, as shown by the agreement of off-resonance 
cross sections with expectations. Particles identified as neither e nor [i are designated X, 
and are a mixture of hadrons and unidentified leptons. 

The decay products of r pairs from T decays tend to be separated into distinct hemi- 
spheres. Since the photon spectrum expected in r decays depends on the identity of the 
charged particle, calorimeter showers are assigned to either the tag or signal hemisphere 
according to their proximity to the tag side track direction. This separation into distinct 
hemispheres is not perfect, so there is some correlation between the photon spectrum on 
tag and signal sides of the event. The modes with two identified leptons each require fewer 
than 6 showers and a maximum shower energy below 0.1.E beam . Defining P^ut ( -^neut ) as 
the total isolated shower energy in the calorimeter on the tag (signal) sides of the event, the 
(e, e) mode assignment requires -E„eut < 0.1E beara and E^ nt < O.l-Ebcam, while the (fx, e), 
(e,/i) and (//,//) modes require E^ < 0.2£ beam and E^ ut < 0.2£ bcam . The (e,X), (//,X) 
and (X, X) modes all require that E^ t < 0.4P beam and E^ nt < 0AE heam . In addition the 
(e, X) mode requires fewer than 4 unassociated showers with energies above 0.4P beam . 

For the (e, e) and (/i, /i) modes, contamination from radiative dileptons is reduced by 
requiring P tag + P sig < 1.5 -E^eam- To reduce backgrounds from e + e~ — > and e + e _ — > 

e + e~l + l~ in the (e, e), (/1, /x), (X, X) categories, the minimum polar angle of any unseen 
particles, deduced from energy-momentum conservation, is required to point into the barrel 
region, where calorimetry cuts will ensure rejection. 

Figure [1] shows the superimposed on-resonance and scaled off-resonance total en- 
ergy distributions for the t + t~ sample for all resonances. The scale factor is S = 
(^On/^off)( s Off/ s On)^mterf, where C and s are the data luminosity and squared center of 
mass collision energies on and off the resonances, and 5; nter f is an interference correction. The 
luminosity is derived from the process e + e~ — > 77 [6j, which does not suffer backgrounds 
from direct T decays. The interference correction 5i ntC rf accounts for the small interference 
between the process e + e~ — > 11 and e + e~ — > T — ► // and is estimated to be 0.984 (0.961, 
0.982) at the T(IS') (2S, 3S) and negligible for the T(4S"). The interference largely cancels 
in the ratios considered in this Letter. The agreement of the distributions for the T(4S'), 
which also extends to individual sub-samples, validates the subtraction technique, and high- 
lights the absence of any process whose cross-section does not vary as 1/s. This agreement 
also indicates that no Monte Carlo simulation is needed to subtract continuum production 
from T(nS) data. 
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FIG. 1: Total energy distributions, scaled to center of mass energy, E TT j^fs for the t + t~ final 
states at the T(nS),n = 1,2,3,4 on (points) and scaled off (histograms) resonance. The excess of 
on-resonance relative to scaled off-resonance data is attributed to T(nS),n = 1,2,3 decays. The 
agreement at the T(4f>) tests the validity of the subtraction technique. 



The ratio of measured relative lepton pair production cross-sections at the off-resonance 
points, ft° ff = (Ttt/<7w, with respect to that theoretically expected, ft° ffth , is /K™ th = 
0.96 ± 0.03 (0.97 ± 0.03, 0.97 ± 0.03, 1.00 ± 0.03) below the X (IS) (2S, 3S, AS) for the sum 
of all t decay mode pairs, with statistical and systematic uncertainties added in quadrature. 
The expectation lZ°^ th = 0.83 ± 0.02 (syst) |7j is found to be numerically independent 
of the particular resonance considered. The reconstruction efficiencies are derived from 
the FPair and Koraib/Tauola 0, QIJ U] Monte Carlo simulations. Backgrounds were 



corrected by using e + e~ — * qq(q = u, d, c, s) simulations [ll|, ll2l, ll3|, llJ]. The scatter in the 
central values of /lZ^ th indicates that systematic uncertainties are small. 

The reconstruction efficiency for observing T — > is derived from the CLEO 



GEANT-based simulation 111, |l2|, |l3|, |lj], as shown in Table [H This efficiency is found 
to be constant across the resonances. The reconstruction efficiency for observing T — > t + t~ 
is derived using the Koraib/Tauola event generator integrated into the detector simulation. 
Although this generator models the process e + e~ — > 7* — > r + r _ , the quantum numbers of 
the T and 7 are the same so it can be used as long as initial state radiation (ISR) effects 
are not included. This efficiency is found to be consistent across all resonances within any 
given t + t~ decay channel. 

Results of the subtraction are summarized in Table [U showing the first observation of 
T(3S) -> t+t-. 

Backgrounds resulting from cascade decays within the bb system to 11 are estimated using 
the Monte Carlo simulation, with branching fractions scaled to the values measured in this 
study. Cascade backgrounds with non-/i + /i~ and non-r + r~ final states are estimated directly 
from the Monte Carlo simulation. 

Figure [2] displays the off- resonance subtracted data, superimposed on Monte Carlo expec- 
tations. The distributions shown are P tag , P sig and E TT for a sampling of r decay modes. In 
all cases the Monte Carlo expectation is consistent with the data assuming lepton universal- 
ity and branching fractions from [3|. The agreement across the various kinematic quantities 
indicates that backgrounds are well controlled. 

Figure [3] shows the agreement across all r + r~ sub-samples of the ratio of off-resonance 
cross sections for t + t - and /i + yU~ production, relative to expectation, as well as the ratio 
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TABLE I: Events yields for T — > (top) and T — > t + t~ (bottom). Shown are the number 

of events (Nn) after subtraction of backgrounds estimated from scaled off-resonance data and T 
feed-through estimated from the Monte Carlo simulation, the signal efficiency (e(ll)), and the total 
efficiency corrected number of signal events A^(T — ► 11) = Nu/e(U). The t + t~ events are summed 
over all r decay modes. Uncertainties include data and Monte Carlo statistical uncertainties, 
uncertainties on backgrounds, and detector modeling (included only for e(/i + /J,~) to avoid double 
counting in the final ratio). 

of branching fractions for each of these decay modes at the different T resonances, relative 
to the expectation TZj^ h = 1. The agreement across r + r~ sub-samples both on and off the 
resonances is again an indication that backgrounds are small and well estimated. 

The ratio of branching fractions and final branching fractions are listed in Table ILT1 These 
results show that lepton universality is respected in T decay within the « 10% measurement 
uncertainties. 



K*. B(T -» t+t-) (%) 

T(15) 1.02 ± 0.02 ± 0.05 2.54 ± 0.04 ± 0.12 
T(25) 1.04 ±0.04 ±0.05 2.11 ± 0.07 ± 0.13 
T(35) 1.05 ±0.08 ± 0.05 2.52 ± 0.19 ± 0.15 

TABLE II: Final results on the ratio of branching fractions to r + r _ and ^ + /^~ final states, 
and the absolute branching fraction for T — >• t + t~. Included are both statistical and systematic 
uncertainties, as detailed in the text. Results from Ref 0] are used in deriving the final absolute 
branching fractions. 

Systematic uncertainties, summarized in Table ULTl are estimated for the ratio of branching 
fractions, and for the absolute branching fraction. The ratio is insensitive to some common 
systematic uncertainties. 

Most systematic uncertainties due specifically to 11 selection are derived by a variation 
of the selection criteria over reasonable ranges in the T(1S) sample, which has the lowest 
energy released in its decay. The most significant of these are due to momentum selection 
(1.3%), calorimeter energy selection (1.1%) and angular selection (1.1%). The systematic 
uncertainty due to modeling of the trigger is estimated to be 1.6%. 

Backgrounds are assumed to be from T decays, chiefly due to cascade decays to lower res- 
onances, and are estimated to be 2.5% (15%, 11%) of the r + r _ sample at the T(15)(25, 3S), 
with an estimated uncertainty contribution to 7Zj T of 0.1% (2.4%, 1.3%). 
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FIG. 2: Distributions for the t + t~ final states at the Y(nS),n = 1,2,3 after subtraction of 
5-scaled off-resonance data. The solid line shows the expected total signal and background distri- 
butions, assuming lepton universality, a) P s ig/ E^ ca _ m in T(1S) decays for the sum of r decay modes 
including exactly two identified leptons, b) -Ptag/^beam 111 T(25) decays for r modes including ex- 
actly one identified lepton, c) E TT j^fs for T(3S) for the sum of all r modes, where signal and total 
background distributions are explicitly displayed. Uncertainties are statistical. The steps observed 
in a) and b) are due to momentum criteria in muon identification. 



The uncertainty due to detector modeling in was estimated to be 1.7%: this value is 
used here conservatively for the systematic uncertainty on the ratio. 

The modeling of the physics in T(1S) — > obtained by varying the decay model 

for T — > fi + fi~ between the Monte Carlo simulation and Koralb with ISR simulation turned 
off, contributes a 2% uncertainty. This is consistent with the variation in the product 
e(fi + fi~)a ee - rllfl using the FPair, Koralb, and Babayaga 15j Monte Carlo simulations, and is 
thus likely conservative, as direct production from the T at the peak involves much 

lower energy final state photons than off resonance production. An uncorrelated uncertainty 
of 2% for modeling of T — > t + t~ is assumed, consistent with previous analyses, and is again 
conservative as on-resonance production of r + r~ final states involves fewer photons than 
direct continuum production. To test the sensitivity to ISR simulation, the reconstruction 
efficiency for events with no ISR simulation is compared to that for events generated with 
ISR simulation turned on and re-weighted according to the relative value of the T line shape 
at the r pair mass. These efficiencies agree to within 0.8%. 

The existence of a CP-odd Higgs boson, A , with a mass near the T(15), could induce 
a value of 1ZJ T not equal to one through its participation in the decay chain T(15) — ► 
— > t + t , as detailed in [l|. By assuming that the mass of the rjb(lS) is 
100MeV/c 2 below the T(IS') mass, consistent with the largest value in [3], the value quoted 
for TZ^ T (1S) can be translated into an upper limit on the combined branching fraction of 
B(T(1S) — > 7767)5(7/6 — >• A — >• rr) < 0.27% at 95% confidence level, including systematic 
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FIG. 3: Breakdown by mode of off- and on-resonance data at the different resonances. On the 
left, the ratio of the production cross section for e + e~ — > ll{l = r, fx), relative to its expectation, is 
plotted for data taken below the T for each t decay mode pair. On the right, the ratio of branching 
fractions for the process T(nS) — * U(l = r, /i,n = 1,2,3) relative to the expectation 7£j T th = 1 is 
displayed. The lines represent the Standard Model expectation. Errors shown are statistical. 



Source <7 syst (%) 

S 0.2 / 0.4 / 0.3 

Background 0.1 / 2.4 / 1.3 
r, fi Selection 2.9 / 2.9 / 2.9 
T -> fj,+fj,- Model 2.0 / 2.0 / 2.0 
T -> t+t- Model 2.0 / 2.0 / 2.0 
Detector Model 1.7 / 1.7 / 1.7 
MC Statistics 1.9 / 1.0 / 1.0 
ggggg 4.8/4.4/4.6 
a(B TT )/B TT 4.0 / 3.8 / 3.9 

TABLE III: Summary of systematic uncertainties for the T(nS), n = 1/2/3. The entry 
o(1Z^ T ) /1Z^ T is the relative uncertainty on 1Z^ T , while a(B TT )/B TT indicates uncertainties spe- 
cific to r decay modes used in addition to those in to obtain B(T — > r + r _ ). The uncertainty 
on S and the background are included in the statistical uncertainty as they depend chiefly on 
measurements made in this Letter. 



uncertainties. Since the transition photon is not explicitly reconstructed, this limit is valid 
for all r] b that approximately satisfy (M(T(LS)) - M{i] b ) + r(rj b )) < O(100 Me V/c 2 ). 

In summary, using the full sample of on-resonance T(nS), n = 1,2,3 CLEOIII data, we 
have made the first observation of the decay T(35) — > t + t~ and precision measurement of 
its branching fraction. We have reported the ratio of branching fractions of T decays to t + t~ 
and final states, and find these to be consistent with expectations from the Standard 

Model. These ratios have been combined with results from [3| to provide absolute branching 
fractions for the process T — > t + t~, resulting in the most precise single measurement of 
B(T(1S) — > t + t~) [17|], and a much improved value of B(T(2S) — > t + t~). The ratio of 
branching fractions for t + t~ and fi + fi~ final states has also been used to set a limit on a 
possible Higgs mediated decay window. 
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